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ABSTRACT 
Electricity generation from tidal current can provide a 
reliable and predictable addition to a reduced carbon energy 
sector in the future. Following the deployment of the first multi-
turbine array, significant cost reduction can be achieved by 
moving beyond demonstrator projects to large scale tidal 
turbine arrays. The interactions between multiple turbines 
installed in close proximity can affect the total electricity 
generation and thus require knowledge of the resulting flow 
field within and downstream of the array.  
Results are presented for experimental and numerical 
studies investigating the flow field characteristics in terms of 
velocity deficit and turbulence intensity in a staggered tidal 
turbine array section. Multiple configuration with varying 
longitudinal and transverse spacing between devices in a three-
turbine array are tested. 
Comparison between numerical and experimental flow 
characteristics shows that open source numerical models with 
dynamic mesh features achieve good agreement and can be used 
for the investigation of array wake effects. The standard k ± Ȧ
SST shows good agreement with experiments at reduced 
computational efficiency compared to higher order turbulence 
models (RSM). The importance of mixing with ambient flow is 
highlighted by identifying areas of significantly reduced 
velocity recovery within closely spaced arrays where ambient 
flow does not penetrate between adjacent wakes. 
 
INTRODUCTION 
Reducing greenhouse gas emissions and the share of traditional 
carbon based, non-renewable energy sources in the large scale 
generation of electricity has led to rapid increases in the use of 
renewable energy sources in the last two decades.  
The main drivers for the continued decarbonisation of the 
global energy market are renewable energy sources with wind 
and solar energy accounting for the largest proportion in growth 
of renewable energy with an average annual growth prediction 
of 6% and 8% respectively between 2012-2040 [1]. This 
development is accelerated by increased competitiveness as 
these sectors mature and significant reductions in cost of energy 
are seen [2]. Offshore wind farms have been installed gradually 
further offshore and reaching deeper waters with the next 
anticipated development being floating wind turbines in water 
depths beyond 40 - 60 metres, however complex interactions 
between mooring, floater and wind turbine dynamics have to be 
overcome before industrial deployment will take off. 
In addition to the vast resource of offshore wind, the kinetic 
energy present in ocean and coastal currents can be harnessed in 
similar ways and provide an estimated resource in the UK that 
is estimated account for 10% to 15% of the total electricity 
generation [3, 4]. While there are a variety of prototypes in 
development, first commercial installations have all used 
horizontal axis tidal stream turbines as the preferred method of 
electricity generation. Following the first full scale commercial 
turbine generating electricity to a national grid in 2008 [5], the 
MeyGen array Phase 1A development, dedicated to test and 
monitor deployment and initial operational phases is set to be 
the first of a number of phases for further improvement and 
evaluation of deployment, foundations and turbine technology 
to reduce the cost of energy generation, while gradually 
increasing the capacity of the array towards almost 400MW in 
the long term [6].  
For full commercialisation and continued and accelerated 
large scale deployment which is anticipated beyond 2020 [7], 
further reductions in costs, risk and complexity of offshore 
installations are vital. Though there are many similarities with 
energy extraction from large scale wind farms, significant 
challenges are present in the design, construction, operation and 
maintenance of large scale tidal farms. These include operation 
in bounded flows and across a significant proportion of the 
sheared ambient velocity profile as well as interactions between 
multiple turbines operating in close proximity leading to 
interactions of the resulting wakes within a tidal turbine array. 
While the overall resource potential and extractable power 
was investigated using large scale one or two dimensional 
hydrodynamic modelling and analytical models that include the 
energy extraction of idealised single and multiple turbine 
arrangements [8-11], assessment of specific turbine 
performance in tidal currents uses a combination of experiments 
and numerical methods based on blade element momentum 
theory and increasingly applying RANS and LES computational 
  
fluid dynamics modelling for combined performance, wake and 
array studies. 
Experimental wake characterisation of single and multiple 
tidal turbine devices have been presented previously [12-14] 
utilising actuator disks and scaled three-bladed rotors 
respectively. Trends in velocity recovery and decay of 
turbulence have been similar across different experiments, 
generally reaching a velocity deficit of about 10% about 20 
diameters (D) downstream of the turbines. Differences in wake 
characteristics are less pronounced with increasing downstream 
distance showing that, for single devices, ambient flow has 
large influence on the far wake characteristics while the near 
wake is dominated by device specific features. 
Numerical simulations ranging from simplified blade 
element method [15] to fully resolved CFD calculations [16], 
have been used previously to investigate and optimise the 
performance of tidal turbine devices and blade sections. 
Numerical wake modelling by Liu, Lin [17] showed that best 
agreement of wake characteristics in the near and far wake was 
achieved by using fully resolved turbines and sliding mesh 
interfaces as compared to actuator disk modelling of turbine and 
moving reference frame to account for rotor rotation. 
Experimental array studies have investigated the wake 
characteristics within tidal turbine arrays by means of multiple 
actuator disks [18] and small three bladed rotors [19, 20]. Wake 
velocity and turbulence statistics are presented from pointwise 
ADV and LDV measurements throughout the wake region and 
show similar trends in velocity recovery up to 20D downstream. 
Reductions in performance by up to 50% of a turbine operating 
within the wake of an upstream turbine have been shown for 
two axially aligned turbines [20]. Comparison of turbulence 
characteristics between actuator disks and small bladed rotors 
by Tedds et al. [14] showed over prediction of turbulent kinetic 
energy decay up to 9D downstream when applying simplified 
methods to model tidal turbine devices. 
Myers, Bahaj [18] and Stallard et al. [19] observed an 
optimum lateral distance of 1.5D that gave rise to flow 
acceleration between two adjacent turbines, hence increasing 
the available energy to downstream devices. Staggered array 
configurations with three rows of turbines (Figure 1) have been 
investigated previously [21] and it was found that longitudinal 
spacing affects the wake recovery downstream of an array less 
than the transverse spacing of turbines. 
Numerical simulations of tidal stream turbine arrays using 
actuator disks using an adaptive dynamic mesh by [22, 23] have 
shown good agreement with experiments, however require the 
use of empirical source terms to account for turbine specific 
flow features that improve agreement. Fully resolved 
simulations of in-line [17] and staggered array formations [24] 
have shown sliding mesh interfaces to result in good agreement 
with experiments.   
This paper presents the wake characteristics of a single 
turbine and within a small array configuration of 4 turbines 
across a number of different lateral and longitudinal layout 
configurations. The numerical model is compared to 
experimentally obtained measurements and further investigation 
of the wake recovery with two different ambient turbulence 
intensities, turbulence closure models using a single turbine 
configuration. Further insight to the flow field characteristics of 
tidal turbine arrays are presented. 
EXPERIMENTAL FACILITY AND MODEL  
The experiments were conducted in the large Circulating-
Water-Channel (CWC) at Shanghai Jiao Tong University, 
Shanghai, China which allows for testing in current velocities 
ranging from 0.2 m/s to 3.0 m/s with turbulence intensity of 2%. 
For the results presented here, the Reynolds number based on 
the diameter is 1.23x105 and has exceeded the threshold of 
4.8x104 for mean velocity statistics as determined by Chamorro, 
Arndt [25]. The arrangement and naming of turbine arrays is 
shown in Figure 1, where array names for analysis of the results 
are provided according to the longitudinal and transverse 
spacing as L(a3)T(b1). Figure 2 shows the configuration with 
a3=5D and b1=1.5D in the test section of the CWC, thus the 
array is named L5T15. For all tests the maximum water depth 
of 1.6m was used, necessary to run the experimental facility. 
 
Figure 1 - Array Configuration and Measurements. Second Row 
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Figure 2 ± Arrangement of Turbines in CWC (L5T15) 
  
Two LaVision Imager ProX11M CCD cameras were used 
for PIV measurements, taken at 6 specific positions along the 
array centre line from 2D to 20D, with the laser sheet being 
projected from below the test section through a glass window 
and the cameras located on the side of the CWC. Thus velocity 
and turbulence where measured using the in-stream and vertical 
velocity component. 
The four identical, bottom supported tidal turbine models 
have a rotor diameter of D = 0.28m and blades based on the 
NREL S814 blade section corresponding to a 1:70th scaled tidal 
turbine mode. A CAD drawing showing assembled design is 
given in Figure 3. Further details of the experiment 
characteristics and repeatability of measurements can be found 
in [21, 24]. 
 
Figure 3 - CAD Model of Scaled Turbine with Support Plate 
NUMERICAL MODELLING 
Fully resolved three dimensional simulations are performed 
in the OpenFOAM software package using the dynamic 
arbitrary mesh interface (AMI) to account for the rotation of the 
tidal turbine rotor according the rotational rates used in the 
experiment with a tip speed ratio (TSR) of 4, corresponding to 
the optimum power coefficient of the blade design as shown in 
[26]. 
The ambient flow conditions, turbine arrangement and test 
domain of the CWC are shown Figure 4. The domain extends 
from -5D upstream of the first rotor to 22D downstream, 
vertically there is a tip-free surface distance of 4D and the 
seabed to turbine tip clearance is 0.75D. The CWC free surface 
is not accounted for, hence top, bottom and the sides of the tank 
are modelled as walls. A further numerical simulation has been 
performed to investigate the wake recovery in 10% ambient 
turbulence. 
The single turbine and array simulations were run in 
parallel on 32 processing cores using the PimpleDyMFoam 
solver with k-Ȧ 667 (SST) and Reynolds stress (RSM) 
turbulence closure model from the OpenFOAM library to a 
minimum simulation time of 30 seconds to ensure the flow 
travelled through the entire numerical domain.  
 
Figure 4 ± Ambient Flow, Arrangement and Extent of Numerical 
Domain 
Table 1 - GCI for Thrust ( ) and Power Coefficient ( ) 
 Coefficient 
Mesh CT CP 
Fine (2.9x106 Cells) 0.709 0.353 
Medium (8.2x105 Cells) 0.698 0.336 
Coarse (3.4x105 Cells) 0.704 0.341 
Extr.(Fine) 0.711 0.342 
GCI (%, Med) 2.9 1.57 
GCI (%, Fine) 2.5 3.12 
 
Depending on experiment configuration and number of 
turbines being tested, the mesh size varies from 700,000 up to 
4.5 million. Numerical convergence was evaluated using the 
grid convergence index (GCI) for power and thrust coefficients 
as shown in Table 1. The mesh convergence study was 
performed on a single turbine using automated mesh generation 
with region specific refinement levels in snappyHexMesh. 
The resolution of blade scale flow was validated using the 
pressure coefficient and compared to experiments conducted by 
Janiszewska, Ramsay [27] at angle of attack of 8.1 degree 
shown in Figure 5. Bearing in mind that these experiments 
where conducted at steady inflow conditions with a constant 
blade profile along the blade radius, the transient numerical 
results from the experimental study presented here are judged as 
agreeing well with the published data. 
In-line velocity characteristics shown in Figure 6 at the turbine 
rotor centre height were compared across three different mesh 
resolutions and showed little differences between the medium 
and fine configuration, thus to reduce the computational 
resource requirements, the medium resolution was shown for all 
further simulations. Further details and discussion of the mesh 
generation and validation are presented in [24]. 
  
 
Figure 5 ± Pressure Coefficient (Cp) Comparison at Blade Section 
r/R=0.67 with Experiments [27] at Re=750,000 (Box) and Simulations 
(Line) 
 
 
Figure 6 - Mesh Convergence For In-line Velocity Component at 
0.25m/s Ambient Flow 
RESULTS AND DISCUSSION 
The wake recovery of a single turbine is presented in 
Figure 7 for the experiments and numerical simulations 
including a comparison to numerical simulations at higher 
ambient turbulence intensity of 10%. 
The far wake velocity recovery reaches a deficit of 
approximately 13% at 20D downstream of the isolated turbine. 
The most pronounced differences occur in the immediate near 
wake downstream of the nacelle body, where the SST model 
shows increasing velocity deficit closer to the nacelle than 
observed in experiments and with a higher peak deficit. For 
increased ambient turbulence, there is no increase in velocity 
deficit immediately downstream of the nacelle where the shear 
layers reach the rotor centre line. 
Comparison between different turbulence closure models 
shows that SST and RSM agree well with the experimentally 
obtained wake recovery for most of the measurement domain. 
Differences in the very near wake between 2D-4D are due to the 
interaction of slow moving wakes downstream of the rotor 
blades and accelerated flow around the nacelle body as shown 
in Figure 8 being captured differently by each model and 
occurring closer to the nacelle in the SST model than in the 
experiment. The increase in velocity deficit was observed 
between 4D and 5D in experiments while numerical simulation 
showed this between 2D and 4D. 
 
 
Figure 7 - Comparison of Experimental Wake Velocity Deficit with 
Numerical SST and RSM Turbulence Closure at 2% Ambient 
Turbulence (SST) and SST Turbulence Closure at High Ambient 
Turbulence Intensity of 10% (SST 10%) 
 
Figure 8 ± In-Stream Velocity Component Around the Tidal Turbine 
Support Structure Showing Waken Expanding Towards the Rotor 
Centre Line 
 
The wake recovery in array for Array L3T15 is shown in 
Figure 9 with the comparison of experimentally obtained and 
numerical simulation. The agreement between the velocity 
deficit between experiments and numerical simulation is very 
good across the measurement domain with differences being 
most significant in areas with high velocity shear in close 
proximity to the turbine nacelle. Small differences are seen 
between 3D to 5D where flow recovery is accelerated in the 
experiments and an increase in velocity deficit is observed from 
the numerical simulations. In addition to this, during the 
experiments visual access to the array centre line was impacted 
by the turbine models being located on the second row of the 
  
array between 3D ± 5D. Little recovery is observed for close 
transverse and longitudinal spacing between 5D and 10D in the 
experiments and similar trends are shown in the numerical 
simulations where this large volume of slow moving fluid was 
identified (Figure 10).  
 
 
Figure 9 - Wake Velocity Recovery of L3T15 Array for Experiments 
(Box) and Simulations (Line) 
The evolution of the centre line velocity deficit 
downstream of  the second row turbines until just upstream of 
the third row turbine is shown in Figure 10. The close 
transverse spacing of L3T15 and L5T15 show increasing 
velocity deficits up to 2D downstream of the respective middle 
row turbines and reduced velocity recovery further downstream 
as compared to the wide transverse spacing of L3T3 and L5T3. 
Initially the recovery is accelerated for the L5T15 array 
between the two rotors located off the array centreline at 5D, 
indicating the ambient flow being directed towards the array 
centre. Further downstream the velocity deficits increase due to 
the influence of the second row turbines. The wide transverse 
cases show steadier wake recovery, although small increases are 
seen for L5T3 between 7D - 10D. Between 2D and 0.5D 
upstream of the last row turbine the velocity deficit increases 
for all cases ranging from 5% increase for the closely spaced 
arrays to 10% for wide transverse separation of the middle row 
turbines. 1D upstream of the downstream turbine inflow 
velocity deficit is 10% lower for the L5T3 case compared to 
L5T15 while the difference for the L3T15 to L3T3 array is 
about 6%. 
 
Figure 10 ± Comparison of Numerical Wake Recovery at the 
Array Centre Line from Numerical Simulations. 
 
The wake mixing within and downstream of the array 
configurations is shown in Figure 11 for further investigation of 
the transverse distribution of Reynolds stresses in the xy plane, 
comparing the Reynolds stress field within the array among four 
different array configurations with minimum and maximum 
transverse spacing for both longitudinal configurations.  
The most significant observation is that with close 
transverse and longitudinal spacing for the L3T15 array in (a), 
very little mixing occurs at the centre part of the array 
downstream of the second row turbines. In comparison with 
L5T15 in (c), the flow re-energisation at the centreline is greatly 
reduced and mixing occurs mostly with the ambient flow either 
side of the array section. This corresponds to the existence of a 
large volume of very slow moving fluid as identified in 
experiments and numerical simulations previously where little 
velocity recovery occurs and shows the beneficial effects of 
longitudinal spacing increasing the wake mixing within the 
array. For both close transverse spacing arrays the mixing 
downstream of the array section shows similar characteristics 
with an increase in mixing around the turbine and a more 
diffused field of increased Reynolds stresses further 
downstream.  
With wide transverse spacing, mixing can be observed on 
each individual wake as well as downstream of the array 
section. The ambient flow between adjacent wakes can clearly 
be seen as a small volume where little mixing occurs. This 
persists through the entire array section. From the obtained data 
it can also be seen that the wakes of the two outer turbines of 
the middle row are diverted around the centre wake of the 
downstream turbine. Increased mixing for a longer distance is 
observed downstream of the array section. 
 
 
 
 
  
 
 
 
 
The Q-criterion is used to visualise vortices and shows the 
evolution of these downstream of the rotor. With low ambient 
turbulence, the breakdown of vortices shed of the turbine blades 
is delayed as can be seen in Figure 12 (a) and (b), showing a 
comparison between a single turbine at two different ambient 
turbulence levels (2% and 10%) in the near wake up to 6D. The 
upstream and the downstream array turbine vortices are shown 
for L3T15 in (c) and L5T3 in (d). The spacing between vortices 
increases around the area where the vertical support interferes 
and vortices begin to break down. The wake contracts between 
the second row turbines in L5T3 and where the shear layer 
starts expanding, about 2D downstream of the two rotors 
located at 5D, the vortices of the outer wakes break down and 
wake expansion is observed for the outer wakes. 
The vortices shed by the Far and Near turbine are 
significantly affected for L3T15 and break down within a 
distance of 1D downstream of the rotor due to being located in 
the turbulent wake of the upstream turbine. The downstream 
turbine shows the vortices to break down immediately 
downstream of the rotor due to the highly turbulent inflow. 
Wake expansion of the downstream turbine is more significant 
immediately downstream of the vortex break-down for the 
downstream turbine.  
(a) (b) 
 
 
Figure 11 - Comparison of Reynolds Stresses in (xy) Plane Between (a) L3T15 and (b) L3T3 Array Configuration 
  
(a) (b) 
 
 
(c) 
 
(d) 
 
Figure 12 - Velocity Deficit and Q-criterion (Q=2) for Propagation of Vortices Around the Turbine Support 
Structure for (a) Single 2% (b) Single 10% (c) L3T15 and (d) L5T3 Array. 
  
CONCLUSION 
Wake velocity and turbulence characteristics have been 
recorded for a range of scale mode tidal turbine array 
configurations tested in a circulating water channel and fully 
resolved three dimensional numerical simulations with dynamic 
mesh features performed in OpenFOAM. 
Agreement between single turbine and array wake 
characteristics was shown to be good between the conducted 
experiments and numerical simulations. Some areas of the 
wake, especially near the turbine nacelle showed large 
differences where visual access to the array centre line for PIV 
measurements was affected during the experiments. 
RSM and k ± Ȧ 667 WXUEXOHQFH FORVXUH PRGHOV VKRZHG
similar predictions of wake velocity deficit. The RSM model 
performed better closer to the turbine, where the effect of 
rotating flows and increased turbulence are significant. 
Increased ambient turbulence intensity significantly 
reduced wake recovery and led to immediate reduction of the 
velocity deficit in the near wake of the turbine. For low ambient 
turbulence, the acceleration around the turbine nacelle resulted 
in an initial decrease of velocity deficit followed by an increase 
where the upper and lower layer of the wake reach the rotor 
centreline. The evolution of vortices was strongly reduced in 
high ambient turbulence intensity environment. 
Array flow field characteristics showed that mixing with 
ambient flow in wide transverse spacing led to improved 
velocity recovery within the array. For close longitudinal and 
transverse spacing, a large volume of slow moving fluid was 
trapped at the array centre line where little to no reduction in 
velocity deficit occurred.  
Due to the increased mixing with ambient flow and the 
turbulent wake of the second row turbines either side of the 
downstream turbine, the wake recovery of the downstream 
turbine was less affected by the positioning of the second row 
turbines and showed accelerated wake recovery at the array 
centre line. 
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